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Dear Editor:

We would like to submit our manuscript entitled “Achieving exceptional radiation
tolerance with crystalline-amorphous nanocrystalline structure” for publication in Acta
Materialia.

The continued development of nuclear technologies for efficient utilization of nuclear
power can meet the increasing demand for energy. However, structural materials in
advanced nuclear systems suffer from high levels of radiation damage, making the design
and development of radiation-tolerant materials of central importance. A new design based
on interface engineering with amorphous intergranular films (AIFs) in nanocrystalline
materials is attracting much attention due to its extraordinary properties.

In this work, for the first time, we use atomistic simulations to examine how a crystalline-
amorphous system (nanocrystalline Cu with Zr-doped AIFs) responds to continuous
irradiation. We demonstrate that these amorphous films not only act as effective sinks for
radiation-induced defects, but also indicate strong thermal stability against radiation-
enhanced grain growth and recrystallization. We also find that Zr atoms mixing into the
grain interior can be well described by a multi-film diffusion model, and these mixed Zr
atoms facilitate additional defect annihilation due to solute dragging effect.

The results provide atomistic details and quantitative analysis of radiation-induced system
evolution and damage reduction mechanisms. More importantly, these findings suggest
that AIF-engineered systems hold promise as highly radiation-tolerant materials with
strong structural stability and self-healing capability under radiation damage.

Due to the importance of fundamental understanding and mechanistic explanation
regarding the exceptional radiation tolerance in this material design, and due to the original
insights that this work provides, we believe this work will have a significant impact on the
fields of radiation science, materials science, and atomistic modeling and simulation.
Therefore, we believe it to be appropriate for the scope & aims and wide readership of Acta
Materialia.

Thank you for your consideration of our manuscript. For any questions or inquiries
regarding our submission, please address Dr. Jin (the corresponding author) at
mmjin@mit.edu.

Very sincerely,
Miaomiao Jin
Penghui Cao
Michael P. Short
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I. INTRODUCTION

Radiation-induced microstructural evolution accelerated by defects from atomic collisions
can significantly modify the as-manufactured material properties, leading to phenomena
such as grain growth, hardening, and swelling [1]. Hence, the capability to effectively control
defect behavior is always emphasized in radiation resistant materials design. Nanostructured
features in various forms such as nanocrystals, nanotwins, nanolaminates, and nanoparticles
have received considerable interest due to numerous demonstrations of their potential to
achieve exceptional radiation performance compared with conventional materials [2]. These
nano-features share a common theme in promoting interface-mediated defect dynamics, in

that the abundant interfaces provide ample sinks to defects.

Nanocrystalline (NC) materials are known to be radiation resistant compared to their
coarse-grained counterparts [3, 4]. Samaras et al. proposed that the excess free volume
granted by large grain boundary (GB) area can act as defect annihilation sites [5]. Later, Bai
et al. [6] demonstrated that interstitials loaded into GBs can be emitted to annihilate nearby
vacancies in grain interior. However, NC materials are known to experience rapid grain
growth even at relatively low temperatures, due to the large driving force of grain coarsening
facilitated by abundant GB areas. Such growth can be greatly enhanced by radiation [7-9]
even when diffusion is very limited, which deteriorates the deliberate nanostructuring. Even
worse, the combination of high temperature and intense radiation environment in future

nuclear systems poses a grand challenge in the structural stability of NC materials.

The stability of NC materials can, nevertheless, be increased by kinetically pinning down
boundary migration by Zener pinning [10] and solute drag [11], or thermodynamically reduc-
ing GB energy from tuning interfacial chemistry via dopant segregation [12, 13]. Kalidindi
and Schuh introduced a stability criterion based on formation enthalpy difference between
solutes segregating at GBs and solutes forming bulk phases [14]. In addition, entropy can
also contribute to grain stabilization with reduced free energy [14, 15]. The resultant inter-
facial features known as complexions may be treated as a separate phase. Dillon et al. [16]
theoretically predicted the existence of multiple types of interface complexions by thermo-
dynamics, and suggested that mutual transformation can be achieved by chemistry and heat
treatment to better control material properties. By combining complexion engineering and

nanostructuring where each offers an edge on its own, the brittle issue of nanostructured
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materials can be effectively alleviated. Both the ductility and toughness can be greatly im-
proved by transforming GBs into amorphous intergranular films (AIFs), which breaks the
common perception of strength-ductility trade-off [17, 18].

The structural stability and mechanical benefits of AIF-engineered interface complexions
represent a viable stepping stone to radiation-tolerant material design. AIFs with large free
volumes are expected to perform as well as, if not better than, GBs at ameliorating the
accumulation of radiation damage. Based on the high glass-forming ability of Cu-Zr alloys
[19], Ludy et al. built an atomistic Cu model with Zr-loaded GBs and showed that the AIF
acts as an unbiased sink for both vacancies and interstitials [20], whereas GBs preferentially
absorb the latter [4]. However, the evolution of the system during intense irradiation has
yet to be determined. The uniqueness arises as the segregated atoms, which constitute the
AIF, can migrate to the bulk region under the highly non-equilibrium condition, known
as ion mixing. Although bilayer mixing has received considerable interest since 1970s for
the purpose of materials modification [21-23], and a detailed description of the process
as a function of irradiation dose has been given in [24], mixing behavior in this crystalline-
amorphous system has not yet been characterized. Finally, the convolved evolution of defects
and interfaces is of significant interest to evaluate material performance under irradiation.
In this study, we use molecular dynamics (MD) and an algorithm to introduce consecutive
damage cascades into a simulation cell to study the irradiation of an AIF system, with
sufficient resolution to reveal the kinetics and mechanisms of its evolution. The Cu-Zr
system is utilized as in the previous studies [18, 20], and its response to irradiation including

ion-mixing behavior, defect dynamics, and interface stability is elaborated.

II. METHODS AND MODELS

MD simulations with LAMMPS [25] are used to study the radiation damage process in
a Zr-doped Cu bicrystal consisting of 235,200 atoms with a dimension 11.6 nm x 23.0 nm X
10.9 nm. Atomic interactions are described by an EAM potential from Borovikov et al. [26],
which provides realistic stacking fault energies. The initial atomic configuration is prepared
by referring to the procedure in previous Cu-Zr studies [18, 27]: i) a bicrystal with two high
angle symmetric tilt 35(210) GBs is created; ii) two slices of atoms containing the GBs are

selected and 25% of Cu atoms are randomly replaced with Zr atoms; (iii) the two slices are
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heated to 1600 K and held for 200 ps, while the rest atoms remain fixed; (iv) the two slices
of atoms are quenched from 1600 K to 650 K over 200 ps; (v) the entire system is quenched
from 650 K to 300 K over 200 ps; (vi) the system is relaxed at 300 K for 30 ps at zero
pressure. This results in a configuration containing two AIFs. Figure 1 shows the structure
and atom distribution, where atoms in the AIF are in short-range order, while sharp peaks
in the crystalline part indicate long-range order. To characterize the effect of AIF thickness

on its radiation performance, configurations with d ranging from 1-5 nm are prepared.

[120]
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o
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FIG. 1. (a) A bicrystal simulation cell containing two AIFs, which are constructed by heat treating
¥5(210) GBs doped with Zr atoms (Cu-25 at.%Zr). A and d denote AIF spacing and width,
respectively. Atoms are colored by the structure type (gray: FCC (face centered cubic) atoms,
blue: non-FCC atoms) (b) Atom distribution across the AIF region between the two red dashed

lines, showing the crystalline and amorphous parts.

We follow the practice from [4] to simulate radiation damage due to overlapping cascades.
The procedure is summarized here for the sake of completeness. Consecutive PKAs (primary
knocked-on atoms) are randomly introduced into the initially configured simulation cell

by assigning the selected atoms 5 keV kinetic energy with a random incident direction.
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Periodic boundary conditions are applied along all three axes of the cell. To ensure that
each damage cascade induced by the PKA is fully contained within the cell, atoms are
shifted so that the PKA is always at the center before launching. To accommodate high
energy collisions, the Ziegler-Biersack-Littmark (ZBL) repulsive potential [28] is smoothly
joined to the aforementioned EAM potential [26]. Furthermore, an adaptive time-stepping
technique is used to constrain the atomic movement to 0.05 A per timestep. A thermal
bath with a prescribed ambient temperature is created to simulate the environment and
drain the excess energy. It is achieved by applying a temperature-rescaling thermostat
to the atoms in the outermost layer of the simulation cell with a thickness of one lattice
constant. After the system cools down, the cell is shifted back for consistent tracking of
defect evolution. The system is adequately annealed to the ambient temperature in MD
time frame (~ 30 ps) before launching another PKA. In the end, one can obtain ~ 1 dpa
according to Norgett-Robinson-Torrens (NRT) model, by increasing the number of PKAs
as necessary. It should be noted that the simulated dose rate is orders of magnitude higher
than that in experimental conditions. Nevertheless, this procedure allows one to probe the
mechanisms underpinning defect-interface interaction, and examine defect dynamics in the
temperature regimes where microstructural evolution is driven by damage cascades, rather
than the long timescale thermal diffusion. System evolution is analyzed based on the atomic
configurations, with representative ones available at [29]. Defects and defective structures
are recognized by the Wigner-Seitz cell method [30] and common neighbor analysis [31]
using the OVITO package [32].

III. RESULTS

Transforming an interface from a GB to an AIF substantially changes its response to
radiation. Figure 2 provides an overview of the two systems with increasing dose levels
based on common neighbor analysis. Distinct contrast can be observed in both interface
migration and defect morphologies. Here the GB is mobile and stacking fault tetrahedra
(SETs) frequently form in the GB system, whereas the AIF is immobile and fewer SF'Ts are
produced in the AIF system. Since the behavior of NC Cu has been investigated in [4], the
following sections elaborate on the behavior of the AIF system with frequent comparisons

to GBs.
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FIG. 2. Comparison of radiation response between bicrystal systems containing GBs (a-c) and
ATFs (d-f). Non-FCC atoms are shown after 1, 300, and 800 damage cascades for each system
at an ambient temperature of 800 K. The dashed red line marks the original position of the left
interface. Multiple SFTs are recognized. The initial spacing between the interfaces is 11.6 nm and
the AIF thickness is 12 A. Grain stabilization and reduced defect cluster size have been observed
in the AIF system. Atoms are colored by the structure type from common neighbor analysis (gray:
unstructured atoms, red: hexagonal close packed atoms, blue: body centered cubic atoms, and

FCC atoms are removed for clarity).

A. Ion mixing

The displacement process which causes ion mixing is often described with two regimes:
ballistic collision and thermal spike, where the latter involves multi-body interactions of
particles within the cascade volume and redistributes the kinetic energy among a local

pocket of atoms [33]. Previous theories have explained this mixing based on atom collision,
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thermal spikes, and radiation-enhanced diffusion (RED) [24, 34]. It is expected that the
majority of mixing takes place in thermal spike regime on the order of picoseconds, rather
than the ballistic collision regime [33]. Using our multiple cascade MD scheme, the Zr
atom distribution can be calculated at different dose levels to capture the kinetics of the
ion mixing process. Considering the underlying connection to diffusion process during the
thermal spike phase of a cascade [33], the distribution profile of Zr can be analogous to the
solution of diffusion equation in a multi-film setting. Hence, the process is then characterized
by curve fitting to the distribution suggested by the multi-film diffusion model. Consider
a thin AIF layer sandwiched between two infinite bodies. The concentration of the solute

c(x,t) is described by the 1D diffusion equation,

oc(x,t)  _0%c(x,t)
ot =D Ox? (1)

where D is the effective diffusivity of mixing, which ought to depend on material properties,

temperature, and radiation parameters. The boundary and initial conditions are as follows,

c(£o0,t) =0 (2)

c(rx < —d/2,0)=0 (3)
c(—d/2 <x<d/2)=c (4)
c(x >d/2,0) =0 (5)

where d is the thickness of the AIF layer centered at x = 0. The solution can be written as

follows:

where erf is the error function and defined as,

erf(z) = % : e dt (7)

Note that due to the periodicity of AIFs in the configuration, the analytical solution

C(x,t) is a superposition of infinite single film solutions centered at locations separated by
a spacing A,

+oo

Clz,t)= > clo+kAt) (8)

k=—o00
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As a simplification, three terms with centers at 0, —\, and A (i.e. k = 0,%+1) are
used to approximate the Zr distribution. Figure 3a schematically plots the evolution of
this distribution. Initially, Zr atoms are concentrated inside the AIF (step function), then
the profile starts to broaden due to mixing (red curve). With continued irradiation, the
neighboring profiles start to overlap (blue curve). Using this model, Figure 3b demonstrates
strong agreement between the calculated histograms and fitted curve, which indicates that

the model is a good approximation of the simulated results.

The solute mixing profile is an accumulated consequence of temporal instantaneous
atomic rearrangement (~ 107'!s) and spatially overlapping cascade volumes. The parame-
ter 4Dt is an indicator to the distribution spread and ion mixing rate, hence, this quantity is
retrieved at each dose level by fitting to the Zr distribution. Figure 4 shows that 4Dt scales
linearly with dose ¢. Using [ to denote the slope from linear fitting, we have 4Dt = $¢. On
one hand, AIF thickness does not exhibit obvious impact on 3, which reinforces the assump-
tion of the thin film diffusion model. This can be understood by recalling that the underlying
atomic movement is dominated by liquid-like diffusion within the cascade volume. On the
other hand, by increasing temperature, Zr atoms mix more efficiently during thermal spikes,
and [ increases rapidly in the high temperature regime. It can be more clearly seen from
the non-Arrhenius relation between Ing and 1/7" shown in Figure 5. At high temperatures,
RED which may lead to de-mixing is not accessible given the exceptionally high dose rate
in MD simulations. Cu-Zr, nevertheless, has a negative heat of mixing [35], thus the mixed
state could be metastable and resist de-mixing. Therefore, the depicted relation may still

work at relatively high temperatures.

To delve deeper into the observed non-Arrhenius relation, the temperature effect is ex-
amined from the displacement of Zr atoms (R%,) across a cascade at various temperatures.
To avoid the strong spatial dependence of Zr distribution, a randomly mixed Cu-Zr system
is used. The mean squared displacement (EQZ\T) after a cascade from a 5 keV recoil is then
calculated with 50 samples. Figure 5 shows a strong linear relation between }?4; and [3.
Hence, given the dose rate and temperature, the cascade-driven mixing behavior reflects a
random walk process, so D « 3 @ It follows that D has a non-Arrhenius relationship
with T'. The temperature variation stems from the characteristics of the cascade and internal

chemical interactions. Figures 5c-d provide perspectives of the displacement field at 100 K

and 800 K, demonstrating that i) the migration of Zr atoms is mainly confined to the ther-

8



O Joy 0w

OO O OO U U OrTUrd B BDDBDBDDBDAEDSEDSEDMNWWWWWWWWWWNDNNDMNDNDNDNDNDNDNNNDNNNREREP R RERRRRRRRERE
GO WNRPOWOWOJOOUPd WNEFEFOWOOW-TOHUEd WNEFEFOWOW-ITOHU D WNREOWOJIOUDdWNE OWOOJoU b whE o w

d s e
] \ \
] \ 1 \
1 ‘e H-1 [
-1 Vel 7 [
ey Vona ) T
—-d/2 g d/2 A
0.151 ==+ V4Dt =5.19e — 01
0.10 1
1
0.05 1
0.00
> —-—- VaDt =1.22e+01
. 2 0.041
[
: o
{300 2
| 5 0.02
©
Q
[
a.
0.00-
0.041 —=- V4Dt =2.10e + 01
N 0.03
{ 800
| 0.02 1
0.01 1

0.00-

0
Position (4)

FIG. 3. (a) Schematic model and evolution of the concentration profile of Zr atoms in the AIF
system with increasing dose. Starting with the initial condition (black curve) and before Zr atoms
from neighboring AIFs coincide (red curve), the single film diffusion solution provides a good
estimation of the Zr distribution. As overlap begins (blue curve), more terms must be incorporated
to account for contributions from neighboring AIFs. (b) Left: Zr distribution in the simulation
cell (red dots) on the same configurations in Figure 2(d-f); right: model fitting to the distribution

(red dashed curve). 4Dt is a fitting parameter to the model.

mal spike volume at MD timescale, and ii) increasing ambient temperature induces larger
cascade volume and R%,. The chemical interaction can be taken into account by modifying
the atomic diffusion coefficient with the so-called Darken biasing factor (1 — %) (33, 34],
where AH,,,;, is the heat of mixing. However, by calculation, chemical interaction alone can

not explain the non-Arrhenius relationship between D and T. As suggested by Vineyard’s
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FIG. 4. (a) Fitting parameter 4Dt of the Zr concentration profile with respect to dose for systems
with different AIF thickness d. (b) 4Dt with respect to dose for systems with d = 12 A and different

ambient temperatures. 8 denotes the slope of the linear regression.

model on calculating activated events during thermal spikes [36], the temperature depen-
dence of local heat capacity and thermal conductivity, which dictates how effectively the
kinetic energy is transported away to the surrounding matter, may theoretically explain the

relation.

B. Defect reduction

The ample amount of interfacial volume provide efficient sinks for defects. With dopant
atoms and subsequent ion mixing, unique features emerge in defect reduction mechanisms.
Since interstitials are usually much more mobile than vacancies, they predominately migrate
to sinks. In comparison, vacancies are mostly left in the bulk, mainly in the form of isolated
point defects and SFTs. A detailed examination reveals that the pattern of SFTs in the
bulk region evolves with the level of ion mixing, as schematically depicted in Figure 6 (see
supplementary video for complete system evolution). At low dose before many Zr atoms
migrate to the bulk, large SFTs form due to vacancy aggregation and direct production
from damage cascades (stage I). At intermediate dose, the dispersion of Zr atoms shrinks

the pristine Cu region, which decreases both the number of SFTs and their size (stage II).

10
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FIG. 5. (a) 8 with respect to temperature. Each point is obtained from statistics of 10 calculations.
The AIF thickness is 12 A. (b) Linear correlation between @ and . EQZ\T is an average of 50
calculations of Zr atom squared displacement after a cascade, with system dimension 11 nm x 11
nm x 11 nm and 4.65 at.% Zr. Using the same system, (c-d) shows a snapshot of atoms with a
displacement larger than 2.55 A at 100 K and 800 K after a cascade, where the latter induces a
larger cascade volume involving migration of more atoms. Atoms are colored by the magnitude of

their displacement.

Finally, as Zr distributions start to overlap from neighboring AIF's, only small and infrequent
SFTs are observed (stage III). This evolution is directed by solutes which can influence the
direct defect production from cascades and slow down defect diffusion due to defect-solute
binding [1]. The binding energies between Cu point defects and Zr atoms at lattice sites
are calculated with molecular statics using the same interatomic potential: FEj(vacancy,
Zr)=0.11eV and E;([100] dumbbell, Zr)=0.36 eV. Such temporary trapping of defects near

solute atoms, especially interstitials, increases the chance of vacancy annihilation rather

11
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than forming large SFTs.

FIG. 6. Morphology of defect clusters (SFTs, red) with ion mixing level. The shade schematically
indicates the Zr concentration in the bulk region. Stage I: before mixing or slight mixing, large
SFTs form due to vacancy aggregation and direct production from damage cascades. Stage II:
intermediate mixing, the dispersion of Zr atoms shrinks the pristine Cu region, which decreases
both the number of SFTs and their size. Stage III: high mixing, only small and infrequent SFTs

are observed.

To analyze the efficiency of damage reduction, the defect cluster size distribution and
number density of defects are quantified and compared with GB system. It is worth men-
tioning that the Zr atoms on Cu lattice sites are not treated as defects during our analysis,
and it is found that the mixed Zr atoms mainly reside at lattice points rather than interstitial
sites. Figure 7a plots the accumulated size distribution of bulk defective structures based

on non-FCC atoms across 500 cascades at 800 K (ambient temperature). The comparison
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between the “Cu-Zr-AIF” and “Gu-GB” systems quantitatively demonstrates that the AIF
system much better resists the creation of large defects. The number densities of point
defects in the bulk region of the two systems are depicted in Figure 7b. The defects are
vacancy-type dominated for both systems, but the AIF system appears to outperform the
GB one by saturating at a lower defect density. Although both systems excel at restoring
crystal structure by removing radiation-induced defects, there is a key difference in mecha-
nisms beside that the interfaces are efficient sinks. In “Cu-GB,” large mobile SFTs frequently
form, and they can migrate to GBs and be absorbed [4]. However, in “Cu-Zr-AIF,” mixing
of Zr atoms facilitates local recombination of defects in the bulk due to defect-solute binding.
Therefore, ion mixing can be a critical contributing factor to the damage reduction of an

ATF-engineered system.

C. Interface evolution

The solute atoms can not only kinetically pin down the interface from migration, but
also thermodynamically decrease interfacial energy to slow down grain growth. Therefore,
although radiation drives the system highly out of equilibrium, it is expected that the
mobility of AIF decreases significantly compared with GB. Figure 8 monitors the interface
position for “Cu-Zr-AIF” and “Gu-GB” systems during the same radiation conditions. The
position is calculated by averaging the horizontal coordinates of all the constitutive atoms
of the interfaces. Under the random disturbance of cascades, in the “Cu-Zr-AIF” system
both AIFs barely move, while in “Gu-GB” system the GBs approach each other, indicating
grain growth. It is promising that the application of AIF-engineered materials in nuclear
systems can significantly alleviate the concern of grain growth and associated mechanical
degradation.

The typical morphology of the interfaces during simulations is visualized in Figure 9 for
both systems. Due to the pinning provided by Zr atoms, AIF's are stiff throughout radiation
while irradiated GBs can be easily distorted due to interaction with large SFTs [4]. This
stiffness leads to little curvature, and also accounts for the resistance from migration. The
structure of AIFs is stable with occasional local reduction in thickness (Figure 9a). This
fluctuation comes from direct bombardment of PKAs and local atomic rearrangement. No

apparent recrystallization was observed. It is not yet clear whether the continuous draining
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FIG. 7. (a) Size distribution of accumulated defective structures based on non-FCC atoms from
common neighbor analysis during 1-500 cascade incidents in “Cu-Zr-AIF” (red) and “Gu-GB”
(gray) systems. (b) Vacancy (/V,, dashed curve) and total defect (Ng, solid curve) density in the
bulk region of “Cu-Zr-AIF” (red) and “Gu-GB” (gray) systems with increasing damage level. Total
number of defects include both vacancies and interstitials. System settings: A = 11.6 nm, ambient

temperature 800 K, and thickness of AIF 12 A.

of Zr atoms from AIFs will lead to recrystallization, which can be an interplay between

temperature, dose rate, mixing, and de-mixing trends.

IV. DISCUSSION

The exceptional radiation performance of the AIF system complements the previously
established strong mechanical properties. Compared with conventional interface engineer-
ing via GB, construction of AIFs by segregating glass-forming solutes introduces additional
complexity in modeling and simulations. Since MD has minimal empirical parameters be-

sides a prescribed potential, it offers a high fidelity picture of the mechanisms and kinetics
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FIG. 8. Interface position in “Cu-Zr-AIF” (red) and “Gu-GB” (gray) systems with increasing

damage level. System settings: A = 11.6 nm, ambient temperature 800 K, and thickness of AIF 12
A.

FIG. 9. Typical interface morphology in “Cu-Zr-AIF” (a) and “Gu-GB” (b) systems during irra-

diation. AIFs appear stiff due to solute pinning while GBs are more flexible.
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of radiation assisted system evolution. The inevitable high dose rate in MD suggests that
current results most readily apply to low temperature irradiation or damage cascade domi-
nated processes. Extrapolation beyond these conditions needs further evaluation of thermal
diffusion on much longer timescale beyond MD, using methods such as kinetic Monte Carlo
and rate theory [1].

The as-prepared system concentrates the solute atoms within AIFs, and the consecutive
incident ions drive the mixing of solutes in the bulk. No stoichiometric compound formation
is favorable in this Cu-Zr system, hence the cascade-driven mixing behavior is characterized
by the random walk process or diffusion model. In the current AIF configuration, direct
statistics of the Zr distribution are well described by a superposition of multiple single thin-
film diffusion solutions. The fitting parameter 4Dt as an indicator of the distribution spread,
scales linearly with dose, which is consistent with previous experiments on ion mixing in
bilayers using heavy ion bombardment [33]. The slope § is independent of AIF thickness, but
dependent on the ambient temperature. By the shape of 5 and 1/T, there appears a critical
temperature around 200 K, below which Dt is approximately independent of temperature
and above which it increases rapidly. Such temperature dependence only comes from the
characteristics of damage cascades, where high temperatures induce larger thermal spike
volume accommodating more efficient Zr mixing.

Previous studies have discussed in detail the mixing in bilayer systems with experiments
and theories [21-24, 34]. At low temperatures where RED is suppressed, based on the
thermal spike model, the degree of mixing in bilayers was described as,

AHmix

1
ADt o (14 K 3 7) 9)

AHCQOh

where AH,,, is the cohesive energy and K is a constant [33], and the correlation was later
validated with experiments on metallic layers under low temperature irradiation [22]. As
an alternate to the bilayer structure, ion mixing in these sandwiched AIFs may depend on
thermodynamic properties with a similar formulation. Further work is needed to verify this
hypothesis by studying multiple combinations of elements in stable AIF systems. Some
possibilities include both positive (e.g. Cu-Nb, Ag-Mo) and negative (e.g. Ni-Zr and Ni-
Nb) heat of mixing [35]. At high temperatures, it was proposed that RED beyond the
cascade region contributes to increased or decreased mixing [34, 37]. Despite longer time

scale RED being inaccessible in this study, the temperature dependence of the mixing still
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resembles experimental results [21]. It implies that cascade-driven atom mixing can still
be the main factor in high temperature scenarios. Additional simulations show that if we
continue introducing cascades into the system, Zr atoms eventually become well-mixed with
Cu atoms, consistent with the model prediction. The system can be metastable. Although
there is a thermodynamic driving force for Zr to segregate to GBs as shown in [17], it is
unclear whether segregation is still preferable with constructed AIFs. If de-mixing were to be
favored, which has not been observed in the simulations, mixing would be much slower due to
potential de-mixing at realistic dose rates and a high temperature irradiation environment.
Moreover, this study considers low energy recoil events with 5 keV PKAs, where mixing
during the thermal spikes is dominant compared with initial ballistic mixing. However, high
energy recoils may contribute to the long range relocation of atoms [21], which can change

the mixing behavior and its temperature dependence.

The damage reduction capability is quantified through the defect number density and
size distribution. By launching a close-by PKA towards the AIF, Ludy et al. [20] found
that these amorphous films are unbiased sinks to both vacancies and interstitials. This
may reflect an intrinsic property of AIFs, however, the overall efficacy of AIFs in removing
defects depends on the defect properties and dynamics in the bulk. The volume ratio of
AlF's to bulk remains small such that direct interaction between an AIF and a cascade is not
representative enough to describe spatially random cascade events. In fact, most cascades
do not directly interact with AIF's, and the residual defects from these cascades in the bulk
attempt to diffuse away. Interstitials with a high mobility are preferentially absorbed by
AlFs, with more vacancies left behind. For those cascades that overlap with AIFs, unbiased
ultra-efficient defect absorption can be expected. Additional defect control comes from ion
mixing. Zr atoms mixed in the bulk can create a heterogeneous potential energy landscape
due to chemical interaction and lattice mismatch [38]. Not only does defect migration
become more heterogeneous which leads to limited long-range 1D diffusion, but also the
solute dragging increases the chance of vacancy-interstitial recombination by slowing down
interstitial migration [1]. This has at least three implications: i) interstitials are less likely
to escape the cascade region in the presence of Zr atoms, suppressing the direct production
of larger vacancy clusters; ii) interstitials are more likely to recombine with vacancies in
the bulk; iii) vacancies are less likely to aggregate into large SF'Ts due to increased chance

of recombination. The observations of decreasing SFT size with increasing degree of Zr
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mixing corroborates the description. Compared with the GB system, AIFs demonstrate
better performance in maintaining low defect density and small defect cluster size.

Grain growth in NC materials can be greatly accelerated by radiation [39]. A power law
relationship between average grain size and irradiation dose was established with an exponent
dependent on various factors such as microstructure and temperature [40]. Kaoumi et al. [§]
proposed a theoretical analysis based on the direct impact of the thermal spikes on GBs and
obtained an experimentally consistent exponent equal to 3. In comparison, the migration
of interfaces significantly slows down in the AIF system, as the solute atoms effectively pin
down their motion. The inertia of these interfaces during radiation signifies that radiation-
enhanced grain growth can be significantly reduced. It remains to be confirmed whether
the power law also applies to this system with a much smaller exponent. Experiments are
more adaptable to resolve this question first, as complexity in theoretical treatment quickly
builds up because of the chemical interactions, solute pinning, and ion mixing. Throughout
the radiation process, the integrity of AIFs is maintained, i.e. the deficiency of Zr atoms
does not alter the amorphous nature of the interfaces. It may be valid for low temperature
radiation, but this raises a question about whether recrystallization occurs as Zr migrates
away from AIFs with a low dose rate, high temperature environment. Furthermore, AIF's
show high stiffness and minor morphological distortion. Such a lack of curvature leads to
little driving force of migration, as opposed to the GB system where curved boundaries can

allows a migration velocity three orders of magnitude higher than that of a planar boundary

9].

V. CONCLUSION

We have demonstrated that AIFs function as more radiation-resistant interfaces in
nanocrystalline (NC) materials compared to grain boundaries. The specific AIFs are cre-
ated by transforming GBs into AIFs with Zr doping in NC Cu system. The response to
continuous irradiation using MD simulations is elaborated. These amorphous films not only
act as effective defect sinks, but also indicate strong thermal stability against radiation-
enhanced grain growth and recrystallization. Upon irradiation, Zr atoms mix into the
bulk by cascade-driven mixing process, which can be well described by a multi-film diffu-

sion model. These mixed atoms facilitate more efficient defect annihilation due to solute
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dragging effect. Although Cu-Zr system is the focus of study here, from the mechanistic
perspective, it is expected that other combinations of elements with a high glass-forming
capability would demonstrate similar behavior under irradiation. Hence, using AIFs may
prove useful as a material design principle to develop highly radiation tolerant structural
materials for nuclear applications. Further work on experimental verification is needed,
especially the mixing/de-mixing behavior, the grain growth rate of the system, and stability

of AIFs under different radiation conditions.
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